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Abstract 
The effects of thickness on surface tension of aqueous nano-films under the same 
lateral size were studied by molecular dynamics (MD) simulations. The surface tension was 
found to decrease with decreasing thickness when film thickness is below 1.5 nm. Between 4 
and 1.5 nm, the trend is for the surface tension to decrease but this is not as significant as 
between 1.5 and 1.2 nm. For the surface tension of salt nano-films, with low temperatures 
resulting in monotonous decreasing with thickness, while high temperature (e.g. 479 K) 
exhibited a first increase then decrease for surface tension with thickness. Filippin et al. [JCP, 
141, 081103 (2014)] suggested that surface tension is constant with the thickness as long as 
the sheet remains in one piece, also the decrease observed and as proposed by Werth et al. 
[Physica A, 392, 2359 (2013)] is not due to a confinement effect on Lennard-Jones systems. 
However, in this study for aqueous nano-films, a two stage mechanism was proposed to 
interpret this effect, for which the stability was classified according to thickness range and 
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validated by disjoining pressure. The results are important in describing the role of surface 
tension in determining the behaviour of disjoining pressure. 
Keywords: Molecular dynamics, surface tension, thin film, finite size effect 
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1 INTRODUCTION 
During the last few decades, a number of simulations regarding the surface tension [1] 
of Lennard-Jones (LJ) fluids [2-4] and water [5-8] have been reported. Chen et al. [2] studied 
the effect of the lateral size of a simulation cell on surface tension for a truncated LJ fluid, and 
it was suggested that the surface tension increases with decreasing surface area when the 
lateral size was in the range of 10 σ ≥ Lx ≥ 5 σ (where σ is the Lennard-Jones collision 
diameter). 
The effect of thickness on the surface tension of an LJ fluid was studied previously by 
Weng et al. [4] who did not find any correlation. Werth et al. [9, 10] showed surface tension 
of an LJ fluid film scales with thickness, h, in proportion with 1/h3. A recent work [11] [JCP, 
141, 081103 (2014)] found that when the sheet is getting to be a very thin film, holes start to 
appear, and the calculated surface tension rapidly decreases with thickness until the sheet 
becomes totally unstable and forms a cylinder. It was suggested that "surface tension is 
constant with the thickness as long as the sheet remains in one piece" and "this decrease is not 
due to a confinement effect as proposed by Werth et al. [9] [Physica A, 392, 2359 (2013)] on 
Lennard-Jones systems". 
To our knowledge, there is no report for water or salt [12] films regarding the effect of 
film thickness on surface tension, and the term "surface tension of film" was seldom applied 
previously in modeling [13, 14], but the slab size on surface tension was usually used. 
The surface interaction per unit surface area is called disjoining pressure [15, 16], which is a 
thermodynamic quantity for the stability of films and is important for the linkage of surface 
tension with thickness. As the thickness of a free film decreases and interactions (i.e. surface 
forces, and pressure is the force per unit area) between the two surfaces of the film 
increasingly affect each other, this surface force is sometimes not negligible especially for 
nano-films. 
There are no experimental techniques available to validate the thickness and lateral size 
effect on surface tension of water films or salt films at the nano-scale (e.g. 1-4 nm). Molecular 
simulations [17, 18] can be applied, which are beneficial to investigating how these aspects 
affect surface tension and the underlying physical interpretation. Please note that, even for 
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thicker water films (above 4nm, containing electrolyte or not), the surface tension of these 
films cannot be obtained by experimental measurements, because these films are very 
unstable in real experimental condition, and in fact only surface tension of bulk liquid can be 
measured. The main purpose of this study is to investigate the effect of thickness on surface 
tension of aqueous nano-films, to certify if the surface tension of aqueous film is constant 
with thickness, then to validate its physical origin. More importantly, a new interpretation 
considering two stages was proposed according to film thickness range, which clarifies the 
previous reports [9, 11]. 
2 METHODOLOGY AND COMPUTATIONAL DETAILS 
2.1 Methods 
A slab geometry was employed for thin films. The size of the box was set to Lx = Ly and 
Lz = 3 Lx with the film lateral dimension (Lx = Ly) being the reported box size. The film was 
centered on the box’s z-dimension with the two surfaces perpendicular to the z-axis. In order 
to obtain the initial configuration of the water or salt film, isothermal-isobaric (NPT) 
ensemble was first performed on bulk to give the correct density (~1.0 g/mL for water). At the 
density obtained from the NPT ensemble, a bulk NVT (canonical ensemble) simulation was 
carried out. After running NVT in the bulk, two boxes were added to form interfaces. NVT 
simulations were then executed to simulate the aqueous-vapor interface or thin aqueous films. 
The first 2 ns were used as the equilibration period and 2-18 ns as the sampling period. A 
diagram in Figure 1 is shown for illustration. 
LxLy×Lz nm
Lz = Initial thicknessNPT
NVT
 
Figure 1 Procedures to build the film configuration, the thickness is initial thickness in the 
NVT stage, 4×4×Lz nm is Lx = Ly =4 nm. 
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Surface tension is calculated using the conventional pressure tensor approach [19, 20], 
i.e. ( )f 0
1
2
zL
N TP P dtσ = −∫ , where σf is the surface tension of the film, and PN and PT are 
the normal and tangential pressure tensors, respectively. For the lateral size effect, the 
thickness was kept constant as 1.917 nm. For the thickness effect, lateral size was kept as 4 
nm for which the finite size effect was found to be negligible. In this study, no less than 5 
repeats were run for each size with different initial configurations. To be consistent, initial 
thickness was applied in the bulk NVT stage (shown in Figure 1 as Lz) as film thickness h. 
2.2 Force Field and MD Parameters 
MD simulations were performed with non-polarizable models. SPC/E and TIP4P/2005 
are three-point and four-point fixed charge water models, respectively. For the SPC/E and 
TIP4P/2005 water models, GROMACS 4.5.3 [21] was used with periodic boundary 
conditions (PBC) in three dimensions. Total potential energy includes bonded interactions 
(bond angle, and torsion interactions) and non-bonded interactions (Lennard-Jones and 
Coulomb interactions). Particle mesh Ewald (PME) [22] was used to calculate the Coulomb 
long-range interactions. A potential truncation of 1.4 nm was used for the LJ interactions 
(except in section 3.1 Effect of lateral size on surface tension, for which 1.2 nm was chosen). 
Temperature was maintained at 300 K using the V-rescale method [23] with T coupling at 0.1 
ps, which is essentially a Berendsen thermostat but can produce a correct canonical ensemble 
and still has the advantage of the Berendsen thermostat. All simulations were performed with 
a time step of 2 fs. 
3 RESULTS AND DISCUSSION 
3.1 Effect of lateral size on surface tension of water films 
The average potential energy for TIP4P/2005 water model in water films was 
calculated and is listed in Table 1. For varied lateral size with fixed thickness 1.917 nm, cutoff 
is 1.2 nm, as cutoff needs to be less than half of the box size for Lx = Ly = 2.458 nm. 
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Table 1 Average potential for varied lateral size with fixed thickness (fixed thickness 1.917 nm, cutoff 
is 1.2 nm). The uncertainty is less than 0.003 kJ/mol for each result. Nwater is number of water 
molecules. 
Lx (= Ly) 
nm Nwater 
Average potential (kJ/mol) 
300 K 379 K 479 K 
2.46 386 -45.64 -40.54 -33.91 
2.96 559 -45.63 -40.54 -33.89 
3.24 670 -45.62 -40.52 -33.68 
3.44 757 -45.62 -40.52 -33.68 
3.68 864 -45.62 -40.51 -33.67 
4.0 1022 -45.62 -40.51 -33.67 
4.92 1545 -45.61 -40.49 -33.50 
5.89 2217 -45.61 -40.48 -33.40 
6.90 3037 -45.61 -40.48 -33.40 
7.88 3963 -45.60 × × 
For a fixed thickness of 1.917 nm, the absolute average potential energy decreases 
slightly with increases in the lateral size. This is most pronounced at 479 K, which reflect the 
pronounced surface tension difference with thickness and the LJ-liked trend at high 
temperature [9]. 
The effect of lateral size on the surface tension of water films was studied by using 
TIP4P/2005 water model at temperatures of 300 K, 379 K, and 479 K. These temperatures 
were arbitrarily selected to verify whether the temperature had any impact on size effects 
observed. 
The surface tension of a film or a solution interface (very close to a thick film) may 
have a finite-size effect due to the lateral size. It is shown in Table 2, when lateral size Lx = Ly 
< 2.5-3 nm, the surface tension decreases slightly with the increase of lateral size but does not 
show oscillation. For the error bar of 300 K (Lx= 2.46 nm), 64.4 ±0.2 (one significant digit) 
can be applied for the surface tension, in order to be more precision, two significant digits after 
decimal point were kept (i.e. 64.40 ±0.24). Lx = Ly = 4 nm was chosen as the lateral size above 
which the change in surface tension is not significant for any of the temperatures studied. 
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Table 2 The effect of lateral size on σf (surface tension), thickness is fixed as 1.917 nm, cutoff = 1.2 
nm, Nwater can be referred in Table 1. 
Lx (= Ly) (nm) σf (mN/m) 300 K σf (mN/m) 379 K σf (mN/m) 479 K 
2.46 64.40 ±0.24 51.84 ±0.22 32.44 ±0.11 
2.96 64.19 ±0.09 51.53 ±0.08 32.23 ±0.18 
3.24 64.18 ±0.30 51.41 ±0.12 32.13 ±0.15 
3.44 64.14 ±0.11 51.34 ±0.09 31.95 ±0.10 
3.68 64.10 ±0.21 51.40 ±0.10 31.89 ±0.13 
4.0 64.04 ±0.26 51.26 ±0.16 31.99 ±0.16 
4.92 63.88 ±0.21 51.24 ±0.04 31.87 ±0.12 
5.89 63.93 ±0.14 51.12 ±0.12 31.91 ±0.14 
6.90 63.94 ±0.26 51.12 ±0.05 31.86 ±0.16 
7.88 63.94 ±0.15 × × 
Oscillatory behaviour was not observed (here the smallest lateral size 2.46 nm > 6 
Lennard-Jones oxygen diameter) in this study. Chen et al. [2] applied a truncated LJ pair 
potential and no oscillatory behaviour was found for Lx ≥ 5 σ. This lateral size study here is to 
certify that the finite size effect due to lateral size Lx = Ly = 4 nm should be negligible. 
3.2 Effect of thickness on surface tension of water films at three different 
temperatures 
Two water models were used to compare the effect of thickness on the surface tension. 
The two water models show similar overall trends that the surface tension increases as film 
thickness increases, and that this surface tension increase is more pronounced in thin 
thickness range. 
3.2.1 Surface tension vs. film thickness for TIP4P/2005 model 
The average potential energy using TIP4P/2005 model is in Supplementary Materials 
Table S1 for varied thickness with fixed lateral size. The σf (surface tension) of TIP4P/2005 
water films at a wide range of thicknesses were calculated using at least 5 separate 
simulations with different initial configurations. The results are listed in Table 3. 
Table 3 σf of water films with lateral size 4×4 nm as a function of thickness using TIP4P/2005 model. 
Film 
thickness 
(nm) 
Nwater σf (mN/m) 300 K σf (mN/m) 379 K σf (mN/m) 479 K 
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1.17 626 65.01 ±0.10 × × 
1.21 644 65.09 ±0.22 51.98 ±0.18 30.94 ±0.20 
1.24 662 65.14 ±0.18 52.17 ±0.08 31.73 ±0.11 
1.33 709 65.23 ±0.10 52.25 ±0.06 32.52 ±0.11 
1.45 795 65.33 ±0.06 52.45 ±0.07 32.80 ±0.05 
1.76 930 65.29 ±0.26 52.44 ±0.15 32.71 ±0.05 
1.92 1022 65.24 ±0.11 52.48 ±0.10 32.74 ±0.08 
2.45 1320 65.27 ±0.19 52.54 ±0.05 32.72 ±0.14 
2.85 1531 65.29 ±0.23 52.52 ±0.07 32.72 ±0.05 
4.06 2228 65.29 ±0.23 52.50 ±0.14 32.65 ±0.10 
It is found that the surface tension would increase with the increase of thickness until 
1.45 nm. When the thickness ≥ 1.45 nm, the surface tension difference is insignificant by 
increasing thickness. An ANOVA at each temperature below 1.45 nm revealed that the film 
thickness had a significant effect on surface tension. For each temperature the P values 
obtained were: 300 K, P = 0.10; 379 K, P = 1.7×10-6; 479 K P = 5.9×10-10. It is clear that the 
surface tension most significantly changes with thickness at higher temperatures. 
The calculated σf (surface tension) of TIP4P/2005 water films using cutoff 1.2 nm for 
LJ interaction and the comparison with that of 1.4 nm were included in Supplementary 
Materials Table S2 for lateral size 4×4 nm. 
3.2.2 Surface tension vs. film thickness for SPC/E model 
The σf of water films as a function of film thickness are shown in Figure 2, the detail 
data was in Supplementary Materials Table S3 for different thicknesses and temperatures. 
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Figure 2 The σf of water films as a function of thickness at 300 K, 379 K, 479 K using SPC/E 
water model. 
At a high temperature 479 K, water seems to be close to LJ fluid from the appearance 
of curve [9]. Indeed, hydrogen bond [24] in such a high temperature is much weaker. On the 
other hand, this surface tension difference is related to liquid compression, as LJ fluid is lower 
than water. 
3.3 Surface tension vs. film thickness for salt nano-films 
For NaCl nano-films, MD simulations were performed with SPC/E water [25] and ion 
parameters in OPLS-AA (All-Atom Optimized Potentials for Liquid Simulations) force field 
[26], the first 2 ns were used as the equilibration period, and 2-18 ns as the sampling period to 
obtain surface tension. The σf of aqueous NaCl films (water films with Na+ and Cl-) are shown 
in Figure 3. The effect of lateral size on σf (surface tension and error bar) using NaCl films of 
1.98 M is in Supplementary Materials (Table S4), thickness is fixed as 1.692 nm, cutoff = 1.4 
nm. 
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Figure 3 σf for aqueous films with 1.98 M (black circle, left hand axis) and 0.66 M (coloured 
triangle down, right hand axis) of NaCl at: (a) 300 K, (b) 379 K, and (c) 479 K using lateral 
size Lx = Ly = 4.9 nm. 
From Figure 3, the σf for aqueous films was not constant with thickness, but it would 
decrease with the thickness at low temperatures e.g. 300 K or 379 K. Please note here, the 
final state of these thin films were checked and confirmed to be stable. The error bar at 0.66 
M seems to be larger than 1.98 M, this is due to the larger surface tension difference at the 
same thickness range. 
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The statistical fluctuations of the surface tension are quite important, conventionally, it 
was assumed to be very difficult to extract any dependence of the surface tension of the slab 
thickness. However, this study obtained the error bar and this dependence is observed and 
confirmed. 
The uncertainty (or error bar) of surface tension at one thickness is the standard 
deviation of several separate run (i.e. each separate run has one initial configuration, and will 
obtain one surface tension data), with the same set of run parameters (e.g. time step, cut-off) 
to eliminate noisy effect. For example, at 300 K 1.98 M 2.61 nm (Figure 3a, black line), the 
final surface tension 62.78 ±0.20 is obtained by three run (62.581, 62.781, 62.983) mN/m. 
The modelling of water and Na+ and Cl- are all non-polarizable potential, and have 
been verified to be in agreement with correct trend (e.g. radial distribution function), such as 
adding salts would increase the surface tension of water and other obtained properties. 
However, the detailed properties of these thin films with thickness such as the ion distribution, 
the surface potential et al, are not the subject of this study. The ions did not show preference 
towards interface. Please note the water model or ions, used is not for bulk water only. It can 
be applied to simulate one water molecule, or water cluster, and water interface. 
3.4 Two stage mechanism of surface tension and disjoining pressure 
3.4.1 Surface tension of films are not constant with thickness 
The surface tension of thin films (different from surface tension of bulk solution) are 
significant in determining the behaviour of disjoining pressure isotherm, an alternative 
interpretation for surface tension difference with thickness was analysed (i.e. disjoining 
pressure), which can be referred in Appendix (Surface tension of films and disjoining 
pressure). It can be concluded from literature [27-29] that surface tension of very thick film is 
very close or nearly equal to that of bulk liquid (infinite thickness), but surface tension of thin 
film (with finite thickness) is not constant with thickness. 
It should be admitted that when the film is very thin (lateral size is kept as 4×4 nm), e.g. 
below 1.0 nm, the water film will rupture after certain running time at 300 K. Higher 
temperature will accelerate this process, and larger lateral size will also accelerate the film 
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rupture. This rupture at very thin film is not due to the preparation of the thin slabs by adding 
two boxes, the rupture at very small thickness, the details of the rupture mechanism and MD 
snapshots of the process were reported by previous references [30-34]. 
Please note, the surface tension difference cannot be explained by instability or rupture 
of films, because final state of these thin films in this study were checked and confirmed to be 
stable (also see Figure 3). Also, the surface tension difference at different thicknesses for 
films cannot be attributed by cut-off of LJ (electrical interaction term using PME, LJ term 
using cutoff) or the pressure tensor method, although long range correction for LJ term will 
affect surface tension value [9, 35] (full LJ was applied, the surface tension difference was 
also observed). 
It is well-known choice of cutoff can have a large impact on the measured surface 
tension. The calculated σf (surface tension) of TIP4P/2005 water films using cutoff 1.2 nm for 
LJ interaction and the comparison with that of 1.4 nm were included in Supplementary 
Materials Table S2 for lateral size 4×4 nm. The surface tension of cutoff with 1.2 nm is 
smaller than that of 1.4 nm. 
For the present research, in the case of bulk liquid water, a surface tension of 59.3 ±0.2 
mN/m using SPC/E water model (thickness 3.3 nm), and 65.3 ±0.2 mN/m using TIP4P/2005 
(thickness 4 nm), was obtained, respectively. These two values (can be regarded as surface 
tension of bulk water) did not contradict with previous MD studies [6], which suggested that 
the results using the water models are reliable. 
3.4.2 Two stage mechanism toward film stability and disjoining pressure 
It was suggested by Yang et al. [30-32] that relatively thick films that above a certain 
thickness are very stable with infinite lifetime, which will not rupture at all. For the case of 
pure water films, this is above ~1.24 nm. It was proposed that film stability can be 
divided into two circumstances (several thickness ranges) according to critical rupture 
time (CRT). Shown in Figure 4, for circumstance of the instable stage I , when the film 
thickness is 0-1 nm, the CRT (also known as lifetime in film experiment) is ~0.5 nm and the 
film will rupture nearly instantly after preparation, the surface tension cannot be measured 
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correctly in this case as the film rupture. Also in stage I for the critical thickness film 1-1.15 
nm, the CRT is ~20-100 ns, which is not stable enough, after running for a very long time the 
film will rupture and the surface tension dropped significantly at rupture. 
At circumstance of stage II, for film thickness range 1.15-1.24 nm, the films are quite 
stable even after running for a very long time (< ∞), surface tension can be calculated in this 
case. Above ~1.24 nm, the film will not rupture at all as the CRT is ∞. The surface tension 
was observed to be not constant with thickness, and disjoining pressure can be obtained. In 
stage II, the surface tension will change with thickness, the pattern of change is dependent on 
the film properties, e.g. sort of liquid, concentration and the temperature. 
Ruptured water film 0-1 nm
Critical thickness film 1-1.15 nm
Stage I: instable,
surface tension 
dropped significantly 
when rupture [12], 
disjoining pressure 
very large
Stage II: stable, 
surface tension 
change with 
thickness, due to 
disjoining pressure
Limited CRT film 1.15-1.24 nm
Infinite CRT film 1.24-4.0 nm
Infinite CRT film >4.0 nm  
Figure 4 Two stage mechanism for the interpretation of film stability, surface tension with 
thickness, at 300 K. 
4 CONCLUSIONS 
MD simulations were performed to study the influence of thickness on the surface 
tension of aqueous nano-films. To avoid interplay or noise, when study thickness effect, 
lateral size was constant. It was observed that the simulation’s lateral size has a small impact 
on the calculated surface tension. This effect could only be discerned at small lateral sizes and 
was insignificant at lateral sizes of > 4 nm. Using a lateral size of 4 nm, simulations showed 
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that the surface tension of water decreases with decreasing film thickness. This decrease is 
significant and greater at higher temperatures. A two stage mechanism for surface tension 
difference with thickness was proposed, film stability and the link with disjoining pressure 
was analysed, which validated the conclusion that the surface tension of films was not 
constant with thickness using film thermodynamics and surface tension data (e.g. surface 
tension of NaCl nano-films). This case worth studying because it can clarify the conventional 
assumption, previously the surface tension is usually assumed to be constant with thickness, 
this study verified that the surface tension is not constant and this is due to disjoining 
pressure. 
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Appendix: Surface tension of films and disjoining pressure 
 
 
Below an alternative interpretation for surface tension difference, which is disjoining 
pressure, is shown from film thermodynamics. 
1) From thermodynamics 
Within the liquid film, the change in the Gibbs free energy of the film is expressed as 
[27]: 
( ) 2f f f ff i i
i
d F P V S dT AhdP dA Adh dNβ β σ μ+ = − + + −Π +∑      (1) 
where fF  is the Helmholtz free energy of the film, P β is the pressure of the phase 
surrounding the film, 
fV Ah=  = volume of the film, A is the cross sectional area of the 
film, h is the film thickness, fS  is entropy of the film, fσ  is the surface tension of the 
film, iμ  is the chemical potential of the ith component and fiN  is mole number of 
component i. From the above equation, an equation within the film is derived [27-29] as: 
f
2
h
dh hγ σ ∞
∞
= + Π +Π∫                         (2) 
where γf is thin film tension, which is related to surface tension of the film and 
disjoining pressure shown in equation (3), σ∞ is surface tension for an infinitely thick film, П 
is the disjoining pressure, and h is the film thickness. 
From the above equation (2), П still cannot be obtained, since we cannot determine the 
film tension and the term 
h
dh
∞
Π∫  shown in equation (2) by MD. So another equation 
[27-29, 36] was applied as: 
f
2 f hγ σ= + Π                         (3) 
where σf is the surface tension of the thin film. From equations (2) and (3) we 
can see: 
f
2 2 fh dh h hγ σ σ
∞
∞
= + Π + Π = + Π∫             (4) 
From equation (4) we can obtain 
2 2fh dh σ σ
∞
∞
Π = −∫                    (5) 
16 
 
( ) ( )' '2 2 2 2 2fh f fh h
dh
dh dh
σ σ
σ σ σ
∞
∞
∞
Π
−⎛ ⎞
Π = − = − = − − = −⎜ ⎟⎝ ⎠
∫
   (6) 
To clearly show the surface force relationship between equations 3 and 4, an 
illustration of force balance exerted on the film is plotted in Figure A1. The surface tension of 
the film cannot be measured experimentally, but the film tension and the surface tension of 
the solution can be measured experimentally, so it is feasible to study a surfactant stabilized 
film by determining the film tension and П. However, for water films (surfactant-free films 
with and without electrolyte), it is not possible to measure the film tension and П with ease by 
experiment, as the surfactant-free films are unstable and have low elasticity. This makes 
experimental measurements difficult. Please note that the film tension cannot be directly 
calculated by MD, we can only calculate surface tension of solution or surface tension of film. 
h
П
σf
σf
γf
film
Pβ=Pgas
PL
PN
PT
 
Figure A1 The force balance with of free thin film, showing the corresponding terms in 
equations 2-6. PL is pressure in homogeneous liquid. PN and PT are the normal and tangential 
pressure tensors, respectively. 
Equation (5) is equal to the interaction energy of a film, which is a significant and 
valuable property in colloid and surface science [27-29], from which П-h can be derived. 
Using equation (6), the middle of the two thicknesses was applied to determine the disjoining 
pressure ( 2 11 2
2
2 1
2 2
h h
h h
h h
σ σ
+
−
Π = −
−
). 
 
2) For pure water films in the 1- 4 nm thickness range, van der Waals interaction 
(VDW) is expected to be dominating in MD (or pure water film has only VDW component, 
as there is no free ion to form double layer repulsion). In classical DLVO theory, 
H
36vw
A
hπ
Π = −                              (7) 
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Hamaker constant AH can be derived by Lifshitz’s theory, the Hamaker constant A 
(Phase 1 and Phase 2 in Medium 3) is 
( )( )
( ) ( ) ( ) ( ){ }
2 2 2 2
1 3 2 31 3 2 3
2 2 2 2 2 2 2 21 3 2 3 1 3 2 3 1 3 2 3
33
4 8 2
e
n n n nhA kT
n n n n n n n n
ε ε ε ε υ
ε ε ε ε
− −⎛ ⎞⎛ ⎞
− −
≈ +⎜ ⎟⎜ ⎟
+ +⎝ ⎠⎝ ⎠ + + + + +
(8) 
The detailed parameters and values are listed as follows: the dielectric constants for 
Phase 1, 2, and 3 were 1, 1, and 80; the refractive indices for Phase 1, 2, and 3 were 1, 1, and 
1.33; T (K) = 300, k (J/K) = 1.38×10-23, h (Js) = 6.63×10-34, υε (Hz) = 3.00×1015. The 
Hamaker constant A at 300 K was around 3.68×10-20J according to equation (8). 
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Figure A2 Disjoining pressure using Hamaker constant A = 3.7×10-20J at 300 K. 
The disjoining pressure derived from surface tension data (MD) using equation (6) is in 
agreement with classical DLVO theory (using Hamaker constant by Lifshitz-van der Waals 
theory). This means that the thickness effect on surface tension can be explained by disjoining 
pressure from thermodynamics, and agrees with Lifshitz theory. 
It can be found that at a very high temperature 479 K, water seems to be close to LJ 
fluid from the appearance of curve. Note that for the very thin films (1-4 nm), the disjoining 
pressure is extremely large (i.e. in the order of bar to hundreds of bar). When the film 
thickness increased to ~20-100 nm, the absolute disjoining pressure decreased sharply to be 
less than 0.01 bar (below 1000 Pa), this disjoining pressure cannot be detected by MD but is 
large enough and not negligible in real experiment. 
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Please note that when the film is very thick, the surface tension is nearly equal to bulk 
liquid. The surface tension of thin films will change with thickness, meanwhile the surface 
tension difference is more significant in thinner range. 
The difference of surface tension at various thicknesses for pure water films is nearly 
within the uncertainty at low temperatures e.g. 300 K, this is the limitation of MD and it is not 
the fault of simulation. 
3) There is another evidence, for which the difference can be interpreted by disjoining 
pressure, to see the surface tension of NaCl nano-films (Figure 3 σf for aqueous films in the 
manuscript). 
For NaCl nano-films, it can be seen that the surface tension will decrease with 
thickness at 300 K and 379 K, and in high temperature 479K the surface tension will increase 
at first and then decrease (due to the significant increase of attractive component at higher 
temperature, the net disjoining pressure is the sum of attractive and repulsive components). 
Please note here, the surface tension difference cannot be explained by instability or rupture 
of films, because these films were checked and confirmed to be stable and un-ruptured. 
(Although rupture will occur when film become very thin and the surface tension will change 
dramatically at the rupture point to become weird) 
 
The results, as obtained in the manuscript, are describes as not presenting oscillations 
in the values of the surface tension with respect to the film thickness, but the figures show a 
picture (Figure 2 The σf of water films as a function of thickness at 300 K, 379 K, 479 K) for 
300 K, where the results oscillate as the thickness increases. The conclusion mentioned in the 
manuscript seems to be a misinterpretation of the results. 
The surface tension seems to presenting oscillations, however, it is in fact due to the 
nature of MD for the calculation of surface tension especially at low temperature e.g. 300 K. 
From the overall view, the pattern should be a monotonous increasing with thickness, with the 
bulk pure water has the highest surface tension (from thermodynamics), also from our 
analysis using classical DLVO theory with Lifshitz theory. 
From the surface tension trend at 479 K, the increasing trend is more pronounced. It 
was found that at a very high temperature 479 K, water seems to be close to LJ fluid from the 
appearance of curve. Higher temperature result in larger absolute disjoining pressure, this is in 
agreement with previous reports [37]. 
Film of LJ fluid has only attractive component according to classical DLVO theory, i.e. 
it did not have extra component since it did not have Coulombic term in the potential equation 
(9) 
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∑∑               (9) 
However, water has LJ term and Coulombic (+ the polarizable term for polarizable 
water), it is a simple molecule (H2O) but has a highly complex and anomalous character due 
to its intra-molecular hydrogen bonding network. In liquid films, there is an attractive VDW 
component (like LJ fluid), there may also have other components due to the term in the 
potential equation (9). Since the detailed possible non-VDW components in non-LJ fluid were 
still not completely known, in some circumstances, it should be possible to extract some 
component [38] by post-processing (using Electrostatic Helmholtz free energy by fitting 
exponentially to derived the repulsive part of disjoining pressure). 
The formation of droplets and bubbles of different shapes was investigated 
previously by MacDowell et al. [39], however this research mainly focus on the 
clarification regarding surface tension of free nano-films with thickness also its two 
stage stability mechanism, from molecular dynamics and thermodynamics approach. 
 
 
20 
 
 
REFERENCES 
 
 
[1] E. Deguillard, N. Pannacci, B. Creton, B. Rousseau, Interfacial tension in 
oil-water-surfactant systems: on the role of intra-molecular forces on interfacial 
tension values using DPD simulations, J. Chem. Phys. 138 (2013) 144102. 
[2] L.J. Chen, Area dependence of the surface tension of a Lennard-Jones fluid from 
molecular dynamics simulations, J. Chem. Phys. 103 (1995) 10214. 
[3] V. Baidakov, G. Chernykh, S. Protsenko, Effect of the cut-off radius of the 
intermolecular potential on phase equilibrium and surface tension in Lennard–Jones 
systems, Chem. Phys. Lett. 321 (2000) 315-320. 
[4] J.G. Weng, S. Park, J.R. Lukes, C.L. Tien, Molecular dynamics investigation of 
thickness effect on liquid films, J. Chem. Phys. 113 (2000) 5917. 
[5] M. Sega, G. Horvai, P. Jedlovszky, Microscopic origin of the surface tension 
anomaly of water, Langmuir 30 (2014) 2969-2972. 
[6] F. Chen, P.E. Smith, Simulated surface tensions of common water models, J. 
Chem. Phys. 126 (2007) 221101. 
[7] P.K. Yuet, D. Blankschtein, Molecular dynamics simulation study of water 
surfaces: comparison of flexible water models, J. Phys. Chem. B 114 (2010) 
13786-13795. 
[8] R. Sakamaki, A.K. Sum, T. Narumi, K. Yasuoka, Molecular dynamics simulations 
of vapor/liquid coexistence using the nonpolarizable water models, J. Chem. Phys. 
134 (2011) 124708. 
[9] S. Werth, S.V. Lishchuk, M. Horsch, H. Hasse, The influence of the liquid slab 
thickness on the planar vapor–liquid interfacial tension, Physica A 392 (2013) 
2359-2367. 
[10] A. Malijevsky, G. Jackson, A perspective on the interfacial properties of 
nanoscopic liquid drops, J. Phys.: Condens Matter 24 (2012) 464121. 
[11] G. Filippini, E. Bourasseau, A. Ghoufi, F. Goujon, P. Malfreyt, Slab thickness 
dependence of the surface tension: Toward a criterion of liquid sheets stability, J. 
Chem. Phys. 141 (2014) 081103. 
[12] L. Sun, X. Li, T. Hede, Y. Tu, C. Leck, H. Agren, Molecular dynamics 
simulations of the surface tension and structure of salt solutions and clusters, J. Phys. 
Chem. B 116 (2012) 3198-3204. 
[13] S.S. Xantheas, G.A. Voth, Aqueous solutions and their interfaces, J. Phys. Chem. 
B 113 (2009) 3997-3999. 
[14] C.D. Wick, S.S. Xantheas, Computational investigation of the first solvation shell 
structure of interfacial and bulk aqueous chloride and iodide ions, J. Phys. Chem. B 
113 (2009) 4141. 
[15] K. Chaudhury, P.V. Acharya, S. Chakraborty, Influence of disjoining pressure on 
the dynamics of steadily moving long bubbles inside narrow cylindrical capillaries, 
Phys. Rev. E 89 (2014) 053002. 
[16] I.V. Kuchin, O.K. Matar, R.V. Craster, V.M. Starov, Modeling the effect of 
surface forces on the equilibrium liquid profile of a capillary meniscus, Soft Matter 10 
(2014) 6024-6037. 
[17] B. Xu, X. Chen, Liquid flow-induced energy harvesting in carbon nanotubes: a 
molecular dynamics study, Phys. Chem. Chem. Phys. 15 (2013) 1164-1168. 
21 
 
[18] Y. Liu, X. Chen, High permeability and salt rejection reverse osmosis by a zeolite 
nano-membrane, Phys. Chem. Chem. Phys. 15 (2013) 6817-6824. 
[19] D. Brown, S. Neyertz, A general pressure tensor calculation for molecular 
dynamics simulations, Mol. Phys. 84 (1995) 577-595. 
[20] J. Wang, X.C. Zeng, Computer simulation of liquid–vapor interfacial tension: 
lennard-jones fluid and water revisited, J. Theor. Comput. Chem. 08 (2009) 733-763. 
[21] B. Hess, C. Kutzner, D. Van Der Spoel, E. Lindahl, GROMACS 4: Algorithms 
for highly efficient, load-balanced, and scalable molecular simulation, J. Chem. 
Theory Comput. 4 (2008) 435-447. 
[22] U. Essmann, L. Perera, M.L. Berkowitz, T. Darden, H. Lee, L.G. Pedersen, A 
smooth particle mesh Ewald method, J. Chem. Phys. 103 (1995) 8577. 
[23] G. Bussi, D. Donadio, M. Parrinello, Canonical sampling through velocity 
rescaling, J. Chem. Phys. 126 (2007) 014101. 
[24] Q. Li, C. Liu, X. Chen, Molecular characteristics of dissociated water with 
memory effect from methane hydrates, Int. J. Mod. Phys. B 28 (2014) 1450062. 
[25] H. Berendsen, J. Grigera, T. Straatsma, The missing term in effective pair 
potentials, J. Phys. Chem. 91 (1987) 6269-6271. 
[26] W.L. Jorgensen, D.S. Maxwell, J. Tirado-Rives, Development and testing of the 
OPLS all-atom force field on conformational energetics and properties of organic 
liquids, J. Am. Chem. Soc. 118 (1996) 11225-11236. 
[27] J.C. Eriksson, B.V. Toshev, Disjoining pressure in soap film thermodynamics, 
Colloid. Surface. 5 (1982) 241-264. 
[28] I. Ivanov, Thin liquid films, CRC Press, 1988. 
[29] I. Ivanov, B. Toshev, Thermodynamics of thin liquid films, Colloid Polym. Sci. 
253 (1975) 593-599. 
[30] W. Yang, R. Wu, B. Kong, X. Zhang, X. Yang, Molecular dynamics simulations 
of film rupture in water/surfactant systems, J. Phys. Chem. B 113 (2009) 8332-8338. 
[31] W. Yang, X. Yang, Molecular Dynamics Study of the Influence of Calcium Ions 
on Foam Stability, J. Phys. Chem. B (2010) 10066–10074. 
[32] W. Yang, X. Yang, Molecular dynamics study of the foam stability of a mixed 
surfactant/water system with and without calcium ions, J. Phys. Chem. B (2011) 
4645-4653. 
[33] T. Peng, A.V. Nguyen, H. Peng, L.X. Dang, Quantitative analysis of aqueous 
nanofilm rupture by molecular dynamic simulation, J. Phys. Chem. B 116 (2012) 
1035-1042. 
[34] C.C. Hwang, J.Y. Hsieh, K.H. Chang, J.J. Liao, A study of rupture process of thin 
liquid films by a molecular dynamics simulation, Physica A 256 (1998) 333-341. 
[35] F. Biscay, A. Ghoufi, V. Lachet, F. Goujon, P. Malfreyt, Calculation of the surface 
tension from Monte Carlo simulations:Does the model impact on the finite-size 
effects?, J. Chem. Phys. 130 (2009) 184710-184713. 
[36] L. Wang, Surface forces in foam films, Virginia Polytechnic Institute and State 
University, 2006. 
[37] R.R. Dagastine, D.C. Prieve, L.R. White, The dielectric function for water and its 
application to van der Waals forces, J. Colloid Interf. Sci. 231 (2000) 351-358. 
[38] M. Chen, X. Lu, X. Liu, Q. Hou, Y. Zhu, H. Zhou, Molecular dynamics 
simulation of the effects of nacl on electrostatic properties of newton black films, J. 
Phys. Chem. C 116 (2012) 21913-21922. 
[39] L. MacDowell, V. Shen, J. Errington, Nucleation and cavitation of spherical, 
cylindrical, and slablike droplets and bubbles in small systems, J. Chem. Phys. 125 
(2006) 034705. 
Highlights 
 
• Effect of lateral size is only discerned at small lateral sizes. 
• Surface tension is not constant with thickness. 
• Disjoining pressure from film thermodynamics can interpret this result. 
• A two-stage mechanism for surface tension change was proposed. 
 
 
